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ABSTRACT 
Current nuclear reactor technology relies heavily on computer codes 
to calculate heat fluxes and temperature distributions in fuel and clad-
ding. Temperature distributions are usually assumed to depend only upon 
the radial coordinate. This assumption is reasonable when intimate con-
tact exists between fuel and cladding, forming concentric cylinders. A 
gap will exist between the fuel and cladding due to radial differences or 
fuel densification. The fuel pellet now can be eccentrically located in 
the cladding causing the temperature distributions to depend on the angu-
lar coordinate as well as radial. This thesis investigates the error in 
heat flux and temperature distributions incurred by assuming concentric 
geometry for situations involving eccentric fuel pellets. 
A computer program was written to solve for temperature distribu-
tions and heat fluxes in the fuel and cladding. The major parameters 
include thermal conductivity ratio of gas to fuel, relative radial dif-
ference of fuel and cladding, and degree of relative eccentricity. 
The study indicated that diametrical clearance and relative eccen-
tricity (given by e = e/Rf) were important parameters in determining the 
degree of asymmetry in temperature and heat flux distributions. In addi-
tion, a decrease in gas thermal conductivity, which is due to the dilution 
of helium with fission product gases, increased the amount of asymmetry 
when keeping other parameters fixed. The effect of varying convection 
heat transfer coefficients was negligible. Maximum fuel temperatures were 
viii 
unchanged or smaller when comparing eccentric fuel pellets with concen-




Current nuclear reactor technology depends heavily on the proper 
design of reactor fuels and on an accurate analysis of the thermody-
namic aspects of heat generation. Water-cooled reactor fuel elements 
commonly consist of uranium-dioxide (U0~) fuel pellets contained within 
a thin-walled cladding of stainless steel or zirconium alloy. A gas-
filled gap normally exists between the fuel pellet and inside cladding 
wall at room temperature. Helium is most often chosen for this fill 
because of its non-corrosive behavior and its excellent heat transfer 
properties. 
In order to analyze fuel temperature distributions in reactor 
1 2 3 4 
cores, computer codes, such as CYGRO, FIGRO, FMODEL, TAFY, and 
others are used. These codes assume that temperatures are a function of 
only the radial coordinate, which implies that the fuel pellet is con-
centrically located within the cladding. This assumption is reasonable 
at the beginning of operation where, due to thermal expansion of the 
fuel at operating temperatures, the fuel and cladding are in intimate 
contact. Recent investigations have discovered in some fuel elements 
the occurrence of significant densification towards end of life opera-
tions. ' Intimate contact then no longer exists at all points on the 
fuel surface. More likely, the fuel pellets will be stacked eccentric-
ally or cocked within the cladding, as shown in Figure 1. Should either 
gap=L(0) 







b. Fuel Stacking 
Figure 1. Geometry of Problem 
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of these cases occur, neither temperatures nor heat fluxes are independent 
of the angular coordinate and significant errors in code calculation may 
occur. 
The purpose of this investigation is to examine heat transfer in 
fuel elements with fuel pellets located eccentrically within the cladding 
and determine the extent of error in those calculations that assume con-
centric behavior. To this end, an analytical solution was obtained for 
fuel temperature distributions and heat fluxes for the situations de-
scribed above. Accurate determination of these quantities is essential 
for further analysis of reactor fuel behavior. Thermal stresses, fuel 
or cladding melting, and departure from nucleate boiling (DNB) are ex-
amples of calculations that rely on accurate calculation of heat fluxes and 
temperature distributions. A parametric study was performed by varying 
major variables over values that could reasonably be expected during the 
operation of a reactor. Among these parameters are the ratio of gas-to-
fuel thermal conductivity (K /K f), the degree of relative pellet eccen-
tricity (e = e/R,.), and the ratio of average gap width to pellet radius 
(Ar/Rp). Results of this study were compared to equivalent systems with 
concentric loading so as to evaluate errors that arise due to the one-
dimensional assumptions. 
Few heat transfer investigations have been published studying fuel 
pellets located eccentrically in the cladding. A study by R. Nijsing 
examined non-uniform heat fluxes and temperature distributions due to 
variable internal heat generation, non-uniform heat-transfer coefficient, 
as well as eccentrically located fuel pellets. He obtained an infinite 
4 
series solution for temperature distributions similar in form to the one 
obtained in Appendix A, though with some notable differences. The con-
tact heat-transfer coefficient was based on accommodation factors and not 
on the thermal conductivity of the gas in the gap. As will be discussed 
in Chapter II, data for accommodation factors are not plentiful and cannot 
be relied on with the same confidence as the experimentally determined 
values used in this study. Nijsing's study arbitrarily increased the 
nominal value of the contact resistances, but without regard for changes 
in fill gas thermal conductivity. The major thrust of his investigation 
examined temperature changes and not cladding heat flux distributions. 
The solution was not normalized to be independent of volumetric heat 
generation, q m. The results of Nijsing's analysis showed up to 10% 
variations in heat fluxes due to fuel pellet eccentricity. 
o 
A second investigator, A. J. Brook, took a portion of Nijsing's 
analysis to discuss the problems of fuel pellets mounted eccentrically in 
the cladding. Brook maintained that his temperature and heat flux varia-
tions were not as severe as the data indicated because high temperature 
and the accompanying thermal expansion would cause intimate contact be-
tween fuel and cladding, thus diminishing the degree of eccentricity. 
As mentioned, this is not a reasonable assumption with densified fuel 
since gaps do appear. Like Nijsing's, Brook's values were not normalized 
to include independence from the power level term q1". Brook reported 
61% temperature variations around the pellet surface with the pellet in 
the maximum eccentric position. 
9 
A later investigation by Grillo and Testa was directed towards 
5 
variations in temperature and heat flux due to non-homogeneity of pressed 
and vibrationally compacted mixed oxide (UO„-PuO_) fuels. They briefly 
considered the effects of cladding ovality and pellet eccentricity. The 
solution used only an approximation for the gap heat-transfer coefficient 
and failed to indicate the method used for obtaining heat fluxes. The 
solution assumed perfect contact between fuel and cladding and does not 
appear to have been normalized either dimensionally or to power levels. 
Although they considered an end of exposure situation, the nominal values 
of contact resistance were assigned rather than calculated on the basis 
of fission gas content. They reported a value of 1.255 for maximum-to-
average ratio of heat flux at end of exposure of the fuel. 
Another approach to the problem of angular dependence was performed 
by Wolf and Johannsen. This mathematical analysis was directed toward 
solution of temperature distributions in sodium-bonded fuel pellets located 
eccentrically within the cladding. The heat conduction equation was solved 
for hollow cylinders using bipolar coordinates. These coordinates were 
defined by: 
| = {[(x-c)2 + y2][(x+c)2 + y2]'1}* 0 * § * 1 
2cy 
7] - arc tan —« « 2 
x + y + c 
where c = x coordinate of center of the cylinder. They obtained a series 
solution, but it was mainly concerned with Independent contact coefficient 
of the bonding and q'". However, with proper adjustment for geometry and 
normalization, the solution could be applied to a gas-filled element. 
6 
CHAPTER II 
FORMULATION OF MODEL 
The basis for the parametric study is a computer program written 
by the author to solve the equation 
*<?.e) = - I2 + £ av|
V cosvO (2.1) 
v=o 
This equation solves for the non-dimensional fuel temperature distribu-
tions for a pellet as shown in Figure la. The term § is the non-
dimensional radius (r/R_) and $ is the non-dimensional temperature given 
q"'R, 
"y tt-V'Tsf • 
where T, = bulk temperature of coolant 
R f = pellet radius 
K_ = thermal conductivity of fuel 
q'" = volumetric heat generation 
The expression assumes negligible axial heat conduction and constant K 
and q m . The set of constants a arises from the application of the sur-
face boundary condition of the problem. The derivation of this equation 
can be found in Appendix A along with the application of the surface 
boundary condition for the solution of the set of constants a . 
The major objective of this investigation is a parametric study to 
determine the effect of various parameters on heat transfer in eccentric-
7 
ally loaded fuel pellets. The major non-dimensional parameters that 
affect the system are: 
e = relative eccentricity factor (e/R£) 
G = temperature jump distance (g,+g2/
Rf) 
Ar/R£ = difference in radii (R.-R£/R£) t l i t 
K /K£ = thermal conductivity ratio (gas to fuel) 
O 
K /K£ = thermal conductivity ratio (clad to fuel) 
R_h /K£ = cladding surface Nusselt number 
An important quantity in the calculation of the constants is the 
2 
value of the "contact" heat-transfer coefficient h (6) in Btu/hr-ft -°F. 
The major heat transfer mechanism in the gas-filled gap is conduction, 
since there would be little free convection across such a small gap width 
However, the use of an effective h (8) at the fuel boundary allows a 
method of calculation to be applied. As will be seen, the values of 
h (6) are strongly dependent upon the gas thermal conductivity, K . c 8 
Two expressions for the heat-transfer coefficient that have rea-
sonable agreement with actual experimental values were proposed by R. 
11 12 
Nijsing and by A. M. Ross and R. L. Stoute. Both are similar in 
form. Nijsing uses 
hc^am < 2 - 2 > 
where L(0) = gap width = (R. -R ) (l+ecosS) 
provided a nominal gap R.-R£ corresponds to a nominal contact resistance 
for the fuel, B . So, 
' o * 
8 
hc«> - p (1+U.8) (2'3) 
The coefficient is rewritten in the form h (9) = 1/v+w cos9. An average 
c 
heat-transfer coefficient is found by 
i r71" 
h = - h (9)dB 
C TT J C 
which leads to a modified heat transfer coefficient 
_ 2 2 
h (9) = n „_JT
 +W
Q (2.4) 
c c V+Wcos9 
The Nijsing expression for h (9) was not used in this analysis, because 
experimental data for values of |3 were not readily available. Addition-
ally, this factor was proposed as a function of fuel material where, 
actually, contact resistances depend on the surrounding gas as well as 
the fuel material. 
The Ross and Stoute correlation for heat transfer coefficient is 
12 
given by 
K K P 
h (6) = r 7 ^ T 7 S ~ T - T + — T ~ (2.5) 
L(9)+(g1+g2) 7 ^ 
where K = thermal conductivity of gas in gap 
L = actual gap at 9 
8-i+go = temperature jump distance 
P = contact pressure 
9 
The contact pressure will always be assumed negligible in this investiga-
tion and, consequently, the second term will be zero. The jump distances, 
g.+g2, are functions of the gas in the gap and represent the increase in 
gap at each surface due to accommodation effects. Values for g-i+go have 
been experimentally determined by Ross and Stoute and are shown in Table 1 
12 
Table 1. Temperature Jump Distances 
Gas (g1+g2> Temperature 
Range 
(cm) (°C) 
Helium 10 X 10"4 150-250 




Xenon < i x io'4 180-330 
L(6) for this problem, as indicated in Figure la, is closely ap-
proximated by 
L(6) = (R±- Rf) - ecose (2.6) 
This determination was made by comparing hand calculated values from the 
above statement to a computer trigonometric solution for the exact gap at 
discrete G's. The correlation was always within a 1% error for all G. 
A computer program for this calculation was written by the author'in 
FOCOL-F and is listed in Appendix B along with a sample output of results. 
The Ross and Stoute heat-transfer coefficient was used in this 
10 
investigation because of its dependency on the gas conductivity as well 
as the surface condition in the determination of g.+g^. 
It should be noted here that data for temperature jump distances 
were not available at each temperature and gas composition used in the 
parametric study and this could have an effect on the results of this 
study. It was ultimately decided that the data would be affected equally 
by the available g.+g- values since a parametric study is as much inter-
ested in comparison of the variables as it is with exact values. The 
Ross and Stoute expression for h (9) has become widely accepted because 
of its ease of application and the high quality of experimental investi-
gation from which it was derived. In this light, the author chose Eq. 2.5 
as being the best available. Other expressions have been proposed by 
13 14 
Tong and Weisman and by R. A. Dean ; however, these were not considered 
as accurate as the Ross and Stoute expression. 
Large variations in the ratio K /K- arise from changes in the ther-
mal conductivities of the gas and fuel. At the beginning of service, the 
gas fill can be assumed to be pure helium. K can be obtained at operat-
ing conditions from tables of physical data. However, as noted in the 
introduction, the eccentricity problems affect the system more significantly 
towards the end of the fuel rod life. At this point, the gas is certain 
to be contaminated with gaseous fission products making the calculation of 
gas thermal conductivity a more difficult task. The important factor is 
that the thermal conductivities of pure xenon and krypton, two major gase-
ous fission products, are several orders of magnitude lower than helium. 
Physical properties of gaseous mixtures have been studied extensively 
11 
through use of the kinetic theory of gases. Numerous analytical solutions 
are available which agree adequately with experimental observations. An 
early correlation by A. Wassiljewa gave the thermal conductivity of a 
gaseous mixture as 
Kmix = , A
 l (H\ + , A
 2 (H\ (2-7) 
1 + A12 \^J * + A21 IV 
where X-,x~ = mole fraction of components 1 and 2 
A1?,A« = constants dependent on mixture and temperature 
1 f> 
Other expressions have been proposed by Hirschfelder, et al., Lindsay 
17 18 19 
and Bromley, and Srivastava and Saxena. ' 
20 
Von Ubisch, Hall, and Srivastav have presented data for the ther-
mal conductivity of helium mixed with krypton and xenon. Their analysis 
assumed the fission gas composition in the gap to be 15.37© krypton and 
84.7% xenon. Iodine and others were disregarded since, although they may 
have high production rates, they do not escape the fuel to the gap in 
sufficient quantities to affect the thermal conductivity. The relative 
quantities of krypton and xenon produced are supported by data reported 
21 
by Russian scientists Zysin, Lbov, and Sel'chenkov. Actual fission 
gases in the gap will probably be higher in krypton concentration since, 
being the lighter gas, it will more easily diffuse through the fuel ma-
terial. However, at longer burnup times, the concentrations will closely 
approach the values reported above. Von Ubisch, et al. used atmospheric 
gases and not fission gases in their experiments. Although isotopic com-
positions are different, thermal conductivities would vary by about 1%. 
12 
According to kinetic theory, thermal conductivities vary inversely as the 
square root of the molecular weight of the species. Figure 2 shows some 
results of the von Ubisch investigations. 
From the von Ubisch results, the range of values for K for use in 
g 
the parametric study was determined. This range is K =0.16 Btu/hr-ft-°F 
O 
for beginning of l i f e to K = 0.016 Btu/hr-ft-°F a t large burnup condi-
O 
tions. These values represent the range of possible values of interest in 
a nuclear reactor and correspond to about 100% He and 10% He as the gas 
concentrations at the beginning and end of life, respectively. 
For the purposes of this investigation, the value of e ranged from 
zero for the concentric case to a value within 0.001 inch of the differ-
ence in radii. This latter value accounted for an assumed average surface 
roughness of cladding and fuel. It is unwarranted to assume smooth, metal-
lurgically perfect surfaces so that e would equal Ar. To do so would lead 
to unrealistically large heat-transfer coefficients across the gap. 
The range of values of Kf at operating conditions is of the order 
of 1.8 - 2.2 Btu/hr-ft-°F. To calculate the quantity of interest, which 
is the ratio K /K,., the value for K,. for U0o was held constant at 2.0 Btu/ g' f • f 2 
hr-ft-°F. Then K can be calculated and will determine the ratio value. 
g 
Similarly, the value for thermal conductivity of the cladding K was as-
signed the value of 8.0 Btu/hr-ft-°F. It was found that the ratio K /Kf 
had almost no effect on temperature distributions as compared to K /Kf, 
and thus was not varied as a parameter. 
The study was also concerned with variations in the diametral clear-
ance. This value will vary with design and manufacturers' tolerances. 
For the purpose of the parametric study, the diametral clearance was varied 
13 
200 
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200 
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Figure 2. Thermal Conductivity of Mixtures 
14 
from 0.0 to 0.012 inch. This value appears in the quantity Ar/Rf. 
As indicated in Table 1, data for the temperature jump distances 
are not plentiful. It is clear that the values depend on the gas in ques-
tion, but not clear how variations of the mixtures will affect them. For 
the purposes of this study, the jump distances, g,+g?, will be assumed to 
vary in the same manner as the thermal conductivity varies for a mixture 
of helium with fission gases. The range of values used for g-i+go is from 
3.281 X 10"5 ft to 3.281 X 10"6 ft. 
The heat-transfer coefficient from the cladding to the coolant, h , 
w 
is another term that can vary. The main concern with this study will be 
comparison between boiling and non-boiling heat transfer. For the pur-
poses of this parametric study, the non-boiling heat transfer coefficient, 
2 
h (NB), was assumed as 5000 Btu/hr-ft -°F and for boiling heat-transfer 
2 
coefficient, h (B), was assumed as 50,000 Btu/hr-ft -°F. These are typi-
w 
22 
cal values encountered in nuclear reactors. 
It should be noted that, due to the normalization of the variables, 
temperature distributions are independent of the volumetric heat genera-
tion rate. Hence they apply at all power levels. With these ranges for 
parameters, the proper non-dimensional quantities were determined for use 
by the computer program. Table 2 indicates the initial and final values 
used for ranges of the non-dimensional parameters. The value for R_ was 
assumed as 0.185 inch, a typical value for pressurized water reactors. 
15 
Table 2. Initial and Final Values for Non-dimensional 
Parameter Ranges 
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A computer program was written to provide numerical solutions to 
the non-dimensional temperature distribution of Eq. 2.1 by solving Eq. A.20 
for the set of constants a . Equation A.20 uses the Ross and Stoute ex-
v 
pression of Eq. 2.5. The listing of the program and a sample output are 
included in Appendix C. The program was written for use on the UNIVAC 
1108 at the Georgia Institute of Technology in modified Fortran IV and 
can be easily adapted to any high level system. 
The basic flow of the program begins with solving for the coeffi-
cients a in subroutine INTEG. The function STEPNI is a Simpson's rule 
integration routine packaged in the UNIVAC system library. Once the a 
values are obtained, calculation of fuel surface temperatures, wall heat 
fluxes, and maximum fuel temperatures can be accomplished. Temperature 
maps can also be obtained in order to show isotherms in a fuel pellet 
cross section. The maps are obtained by using NEWTIT, a Newton-Raphson 
iteration technique which is also a packaged library program. This rou-
tine solves the roots of Eq. 2.1 to give radius as a function of tempera-
ture and angle. 
As can be noted from the program, only a_ through a were used in 
the calculations. In a strict sense, a mathematical convergence criterion 
was not employed. However, the series in Eq. 2.1 quickly converged, and 
17 
the constants a rapidly approached zero. The general procedure used 
solved the equations using a and adding a successive term each time. 
The values obtained each time were compared with preceding values to 
check for convergence. It was found that by including a , the value of 
$(?>©) changed by less than 0.01% in all cases. A similar procedure was 
23 
used in the analysis by Nijsing. 
The computer program calculated temperature and heat flux distri-
butions for a wide variety of parameter values. Table 3 lists the con-
ditions for each run. The individual run represents either a boiling or 
non-boiling case, as determined by h , and a single value of G. The par-
w 
ameters e, K /Kf, and Ar/Rf are varied over the full range of values. 
Table 3. Summary of Computer Runs 
Run No. Surface G 
1 Non-boiling 3.2810 X lO-
5 
2 Boiling 3.2810 X 10-5 
3 Non-boiling 3.2810 X lO"6 
4 Boiling 3.2810 X 10"
6 
5 Non-boiling 2.5428 X lO"5 
6 Boiling 2.5428 X 10-5 
7 Non-boiling 1.8046 X lO"5 
8 Boiling 1.8046 X lO"5 
9 Non-boiling 1.0663 X 10-5 
10 Boiling 1.0663 X 10-5 
Data from the program were obtained in three distinct forms: 
1. Distributions — these include: 
18 
a. Fuel surface temperature as a function of 6[$f] 
b. Fuel surface temperature relative to the concentric case 
[$f/$f(cone)] 
c. Cladding surface temperature as a function of 9[$ ] 
d. Cladding surface temperature relative to the concentric case 
[$ /$ (cone)] 
e. Cladding surface heat flux relative to the concentric case 
[q^/q^(conc)] 
f. Cladding surface heat flux relative to the concentric case 
[Nu X $c/q^(conc)] 
g. Maximum fuel temperature 
r max 
2. Temperature profiles 
This gives fuel temperatures as a function of radius on a cross 
section through the 0° and 180° points, which are the cold and hot spots 
on the fuel surface, respectively. 
3. Temperature maps 
This gives data in the form of radii as a function of temperature 
and angle and for use in plotting isotherms in the fuel. 
In the cases of le and If above, the two values represent independ-
ent determinations of cladding surface heat flux and serve to check each 
other. 
Input Instructions 
For the computer program used, all of the constants were included 
in element MAIN with the exception of those parameters that had a range 
of values and those that changed frequently. These were input in "read" 
19 
statements from element DATA. The instructions for the four data cards 
are as follows. 
A two digit number indicating the run code 
1 for non-boiling, 2 for boiling 
Thermal conductivity of fuel (Kf) 
Initial thermal conductivity of gas (K ) 
Thermal conductivity of cladding (K ) 
Temperature jump distance (G) 
Initial value for Ar/R_ 
Final thermal conductivity of gas (K ) 
O 
Final value of Ar/R 
Number of increments between CGI and CG4 
Number of increments between DR1 and DR4 
A sample listing of DATA is included in Appendix C at the end of the pro-
gram listing. 
It should be noted that the eccentricity factor (e) is varied from 
0.0 to the value of Ar/R at each parameter setting. Its value is set by 
control from MAIN and not from data cards. 
Card 1 — 
12 M999 
12 KJJ 














DISCUSSION OF RESULTS 
Data for the parametric study were obtained in normalized form from 
computer calculations described in Chapter III. They were analyzed by ob-
serving how parameter values and combinations of parameter values affected 
temperature and heat flux distributions in the fuel and cladding. 
Dependence on Cladding Outside Heat-transfer Coefficient 
For this study, h was assigned values representative of boiling 
w 
and non-boiling heat transfer at the cladding surface. The calculations 
showed that changing this surface condition had almost no effect on the 
system except for causing different cladding surface temperatures. 
Table 4 compares normalized heat fluxes for a medium burnup 
(K /Kf = 0.044), medium eccentric (e = 0.016216) case for boiling and 
non-boiling heat-transfer coefficients. The results show an almost neg-
ligible (less than 1%) difference between the boiling and non-boiling 
cases. From the printouts for these cases, pages 95 and 96 in Appendix 
D, the effect of changing h on cladding surface temperatures can be seen. 
w 
As expected, the values of § show considerable variation due to h . r ' c w 
However, one should note the close agreement between the ratio § /§ (cone) 
in the two cases. The fuel surface temperatures, §f, show slightly lower 
values in the boiling case. This is to be expected since § is smaller. 
However, the eccentricity effect which is observable in the ratio 
21 
Table 4. Comparison of Normalized Heat Flux for Boiling 
and Non-boiling Heat-Transfer Coefficient 
Theta q"/q"(conc) q"/q"(conc) 
(h on-boiling) (boiling) 
0 1.285045 1.290463 
10 1.276965 1.281998 
20 1.254266 1.258378 
30 1.220589 1.223699 
40 1.179769 1.182012 
50 1.134795 1.136191 
60 1.088163 1.088612 
70 1.042438 1.041991 
80 0.999884 0.998874 
90 0.961584 0.960382 
100 0.927339 0.926032 
110 0.896697 0.895107 
120 0.869934 0.867954 
130 0.847829 0.845650 
140 0.830622 0.828548 
150 0.817596 0.815692 
160 0.807890 0.805929 
170 0.801508 0.799291 
180 0.799223 0.796861 
Parameters: 
e = 0.016216 
K /Kr = 0.044 
Ar/R, = 0.024324 
22 
$,./$-(cone) shows almost no change when comparing the boiling and non-
boiling values. One should further note from those pages that the maximum 
fuel temperature for the boiling case differed by less than 2% from the 
non-boiling value. 
The conclusions drawn from the above comparison apply equally well 
in the case of greater burnup (K /Kf = 0.026) and medium eccentricity 
O 
(e = 0.010811). Table 5 shows the normalized wall heat flux comparison 
for these parameters and pages 97 and 98 of Appendix D show the tempera-
ture comparison. From the data for these two cases, and others not shown, 
it was determined that the cladding surface heat-transfer mechanism had 
little effect on heat transfer from eccentric pellets as opposed to con-
centric ones. Further analysis in this chapter will deal solely with 
non-boiling heat-transfer coefficients. 
Dependence on Temperature Jump Distances 
The temperature jump distance is a quantity found in the denomina-
tor of h (0). It serves to increase Ar/R_ in varying amounts to account 
for surface effects of cladding and fuel. From the data obtained, it was 
determined that the values used for the quantity g-,+go (G in non-dimensional 
form) had little effect on the temperature and heat flux ratios. Five 
values were used for G and five for Ar/R . The effect of changing G only 
produced a set of 25 Ar/R_ values that were spaced together with smaller 
intervals. Table 6 shows the effect of varying G on the maximum values of 
q"/q"(conc) and T /T (cone). This case used values of Ar/R = 0.024324, 
K /K = 0.044, and eccentricity e = 0.021622. As the table shows, there 
is only a few percent of change in the maximum values over the entire range 
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Run 
Table 6. Maximum Temperature and Heat Flux Ratios 





















e = 0.021622 
K /K£ = 0.044 
g f 
Ar/R£ = 0.024324 
Run 
Table 7. Maximum Temperature and Heat Flux Ratios 
for Varying Temperature Jump Distances 
G ^ ( c e n e ) 
(maximum)  

















Pa ramete r s : 
e = 0.005405 
K /K_ = 0.008 
g £ 
Ar/R = 0.016216 
25 
0.008, and e = 0.005405. The same behavior appears over the range used 
for G. These and other data indicate a much stronger dependence on 
Ar/R,. and only a minor dependence on G. Also, the maximum ratio values 
in these two tables always occur at the lowest G value (G = 0.0212821 x 
-3 
10 ). For this reason, all subsequent discussion of eccentric distribu-
tions will use this minimum value for G. This will provide a limiting 
upper value on reported ratios with respect to the temperature jump dis-
tances . 
Effect of Parameter Values on Maximum Fuel Temperature 
The quantity that affects maximum fuel temperatures the most 
noticeably is the gas thermal conductivity in the ratio K /K_. As this 
8 f 
ratio is decreased, the maximum fuel temperature rises. At any given 
value for K /K , the maximum fuel temperature is affected markedly by the 
degree of eccentricity e. The results of this study indicate that, for a 
constant K /K_, the maximum fuel temperature occurs in the concentric con-
g f r 
figuration. Eccentricity tends to lower the maximum temperature and move 
its location from the pellet center along the 180° line. 
Figure 3 shows fuel temperature profiles for K /K = 0.062 and 
Ar/Rf = 0.016216 and three values for pellet eccentricity. The 0-180° 
cross section was chosen for the profiles because of gap sizes at these 
locations. For 0°, the gap is smallest and temperatures are lowest due 
to high h (9) values. For 9 = 180°, the gap has its maximum value and, 
consequently, h (9) has its lowest value and the fuel surface temperature 
has its maximum value. Maximum fuel temperatures for e > 0 are less than 
that for the concentric case and displaced towards the side with smallest 
Figure 3. Radial Fuel Temperature Distribution 
ro 
27 
contact heat-transfer coefficient (6 = 180°). Figure 4 shows identical 
behavior for K /K = 0.026 and Ar/R = 0.016216. Temperatures are higher 
than in the previous example because of the higher fuel surface tempera-
ture caused by smaller contact heat-transfer coefficient. 
Figure 5 shows the effect of varying Ar/R for a constant eccen-
tricity e = 0.005405 and K /Kf = 0.08. The profile shows a steady in-
crease in temperature with increases in Ar/R_. Maximum temperatures are 
still displaced slightly toward 180° due to the eccentricity. Figure 6 
shows the same behavior for a conductivity ratio K /K_ = 0.044. 
8 f 
Effect of Eccentricity on Isotherms 
Another way to illustrate fuel temperature distributions is by 
plots of lines of constant temperature (isotherms). For concentric fuel 
pellets, the isotherms would be concentric circles. Figure 7 illustrates 
isotherms for a concentric fuel pellet in which K /Kf = 0.062 and Ar/Rf = 
0.024324. For these same parameters and e = 0.010811, Figure 8 shows the 
isotherms for the fuel. One should note how the isotherms have migrated 
away from the center towards the hot side of the fuel. A similar plot for 
higher burnups (K /K = 0.008) and Ar/R = 0.016216 with eccentr ic i ty of 
g i i 
e = 0.005405 appears in Figure 9. The temperatures are higher and the 
migration towards the fuel hot side is greater in this plot due to the 
sharp decrease in K /K_. 
g f 
Figure 10 shows a plot of the $f = 1.0 isotherm for three pellet 
eccentricities. For this case, K /K,. = 0.062 and Ar/R£ = 0.016216. This 
g f f 
figure gives a good indication of how an individual isotherm changes posi-
tion with changing eccentricity. 
1.0 0.8 0.6 0.4 0.2 0.0 0.2 0.4 0.6 0.8 1.0 
Figure 4. Radial Fuel Temperature Distribution 
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Figure 5. Radial Fuel Temperature Distribution as a Function of Ar/R, 
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Figure 10. §p - 1.0 Isotherm in Eccentric Fuel Pellet 
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Dependence on Ar/Rf 
Fuel temperatures are strongly influenced by the magnitude of 
Ar/R_. As Ar/R goes from zero to its maximum value, fuel temperatures 
continually increase as the contact heat-transfer coefficient decreases. 
The situation where Ar/R = 0.0 is equivalent to intimate contact between 
fuel and cladding. As Ar/R increases, the gap increases causing the 
value of h (9) to fall. Thus, the temperatures rise. 
The eccentric condition is of more interest. For K /K_ = 0.08 
8 f 
and e = 0.005405, Figure 11 shows how fuel surface temperatures vary with 
increases in Ar/R . One should note the trend of increased fuel surface 
temperature with increasing Ar/R_ and compare this to Figures 5 and 6 for 
fuel temperature profiles. Figure 12 shows how cladding surface tempera-
tures vary with increasing Ar/R_ for the same parameters as in Figure 11. 
Normalized wall heat fluxes are shown in Figure 13 for the three Ar/R 
values indicated in the previous figure. One should note that the effect 
of increasing Ar/Rf for the same e tends to decrease the assymetry in the 
heat flux ratio. As Ar/Rf increases, the gap widens making the pellet 
appear less severely eccentric, thus causing the heat flux ratios to be-
come more uniform. 
A second case was examined for K /K. - 0.026 and e « 0.010811. 
g f 
Figure 14 shows fuel surface temperature variations as Ar/Rf increases. 
Figure 15 shows the same comparison for cladding surface temperatures and 
Figure 16 shows normalized wall heat fluxes. The trends with increasing 
Ar/R,- are similar to the example when K /K_ = 0.08. 






























Figure 12. Cladding Outside Temperature as a Function of Ar/R 
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Figure 14. Fuel Surface Temperature as a Function of Ar/R 
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Figure 15. Cladding Surface Temperature as a Function of Ar/R 
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Figure 16. Normalized Wall Heat Flux as a Function of Ar/R,. 
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Dependence on K /K 
For concentric fuel pellets, lowering the conductivity ratio due 
to contamination of the helium with fission gases has the effect of rais-
ing fuel temperatures significantly. This temperature rise is especially 
noticeable at higher Ar/R values. Table 8 shows fuel surface tempera-
tures, $f, for concentric fuel pellets for a variety of Ar/Rf and K /Kf. 
One should note the large effect at small K /K_ values and the trend of 
8 f 
temperature rise caused by the interdependence of conductivity ratio and 
Ar/Rf. 
In order to observe the effect of varying K /K_ for eccentric fuel 
pellets, normalized heat flux and temperature plots are presented in the 
figures that follow. These illustrations show, with all other parameters 
fixed, an increasing non-uniformity in temperature and heat flux distri-
butions with decreasing K /K_. 
Figure 17 shows normalized wall heat fluxes for varying eccentricity 
with K /K = 0.08 and Ar/R = 0.024324. Heat flux ratios vary from 1.0 
for the concentric case to 1.25 at e = 0.021622. 
Figure 18 illustrates normalized wall heat fluxes for K /K_ = 0.062 
g f 
and the same Ar/Rf. The eccentric curves in this table indicate a higher 
maximum value of heat flux ratio than the corresponding eccentricities 
in Figure 17. The e ~ 0.010811 curve, for example, shows a maximum 
q"/q"(conc) of 1.13 in Figure 18 and only 1.11 in Figure 17. Thus, de-
creasing the conductivity ratio tends to increase the non-uniformity of 
the heat fluxes. Figure 19 shows an even further decrease to K /K_ = 
g f 
0.026 and illustrates an even higher degree of heat flux non-uniformity. 
43 
VKf 
Table 8. Fuel Surface Temperatures for Concentr ic 





























































































Figure 20 illustrates the behavior of fuel surface temperatures for this 
Ar/R£ and K /K = 0.044. 
f 8 f 
Figure 18 can be compared to Figure 21 (Ar/Rf = 0.016216) to ob-
serve changes in Ar/R for K /K = 0.062. The e = 0.001081 curve has a 
maximum heat flux ratio of 1.15 in Figure 21 and 1.13 in Figure 18. The 
trend shows the decrease in non-uniformity as Ar/Rf increases. 
The normalized wall heat fluxes in Figure 21 can be compared to 
Figure 23, where K /K£ = 0.008 and Ar/R£ = 0.016216. Again, one can see 
g r f 
that lowering the conductivity ratio causes increased non-uniformity in 
heat flux ratios. Temperature comparisons appear in Figure 22 for the 
same case as Figure 21. 
One can also observe the effect of eccentricity in Figure 24. Here, 
K /K = 0.044 and Ar/Rf = 0.032432. The effect shows a rise in heat flux 
ratios as eccentricity increases. Figure 25 shows normalized heat flux 
ratios for K /K = 0.026 and Ar/Rf = 0.008108 for both the concentric 
(e = 0.0) and eccentric (e = 0.005405) cases. 
Combined Effects 
This chapter has stressed the effect of variations in parameter 
values on fuel pellet heat transfer. Overall effects may arise due to 
interaction of many parameters. One should keep in mind that results 
such as temperature and heat flux ratios only compare the values for ec-
centric pellets to that value for the same parameters for a concentric 
fuel pellet. 
Of all the combinations of parameter values, one of the worst 
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Figure 22. Normalized Temperature 
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Figure 23. Normalized Wall Heat Flux 
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concentric case. Temperatures also were extremely high in this case. 
For this example, the conductivity ratio was taken at advanced burnup, 
K /K- = 0.008, Ar/R£ = 0.024324, and e = 0.016216. Temperature data can be g f f 
found on page 100 of Appendix D. The non-uniformity in heat flux ratios 
is very high, but it must be remembered that all the parameters represent 
extreme conditions. 
Another case, shown on page 99 of Appendix D, is considered a 
reasonable "worst case" that one might expect for a power reactor. This 
shows high burnup, K /Kf = 0.026, Ar/R£ = 0.024324, and e = 0.016216. 
Figure 27 shows normalized heat fluxes and indicates a maximum of 42% 
rise in heat flux over the concentric case. 
With less fuel densification (Ar/Rf = 0.016216) and shorter burnup 
times (K. /Kf = 0.044), Figure 28 shows a rise of only 20% in heat flux 
over the concentric case for e = 0.010811. Temperature data for this case 
appear on page 101 of Appendix D. In a situation represented by this 
case, there will be hot spots on one side of the cladding. 
i i r ~ — i 1 1 1 1 1 i 1 1 1 1 1 1 1 i i 
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Figure 27. Normalized Wall Heat Flux 
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Figure 28. Normalized Wall Heat Flux 
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The results of the calculations must be taken in the proper 
perspective. The data reported are for individual fuel pellets of differ-
ent eccentricities. Neighbors to this pellet may be eccentric relative 
to another angular position or may not be eccentric at all. For cocked 
pellets, the top and bottom will effectively have maximum eccentricity 
while the center will have zero eccentricity. Other parts of the fuel will 
have in between values of e- All of these circumstances will tend to re-
duce the effects of fuel pellet eccentricity on local heat fluxes and 
temperature changes over the length of the fuel rod, 
However, the reactor designer must be concerned with what happens 
to individual fuel pellets. Factors, such as eccentricity, can cause heat 
fluxes to exceed critical heat fluxes leading to film boiling and cladding 
failure. Heat fluxes based upon concentric fuel pellets may indicate a 
safety margin during operation. Local effects caused by eccentricity may 
result in operation dangerously close to or outside of the safety margin. 
The important conclusions of this parametric study are as follows: 
1. The ratios §f/§f(conc), $ /§ (cone), and q
 M/q "(cone) undergo 
little variation with changes in cladding outside heat-transfer coefficient. 
2. Changes in g, + g_ have negligible effect on the system compared 
to the quantity they supplement, Ar/Rf. 
3. For a given condition, the maximum fuel temperature occurs in 
59 
the concentric case and tends to decrease with increasing eccentricity. 
4. Cladding heat fluxes depend strongly on the eccentricity of 
the pellet, thermal conductivity ratio, and radial differences; generally, 
maximum values of the heat flux ratio increase as e and K /K,. increase 
g f 
and decrease as Ar/Rf increases. 
In nuclear reactor design, the DNB ratio is defined as the predicted 
DNB heat flux divided by the cladding operating heat flux. During steady 
state and normal transient operations of a power reactor, this ratio is not 
allowed to fall anywhere within the core value greater than unity, i.e., 
1.3. Consequently, a heat transfer analysis of fuel rods with fuel pellets 
located concentrically within the cladding will show DNB ratios to be equal 
or greater than the allowable minimum value. However, the highly non-
uniform cladding heat fluxes, stated for eccentrically located fuel pellets 
in conclusion four, may cause local DNB ratios on the cladding periphery 
to be less than the minimum allowable design value and possibly be less 
than unity. It is not clear at this time that this will cause cladding 
failure. The experiments used to develop correlations for predicting DNB 
in fuel rods are based upon measurements taken from rods heated uniformly 
around the cladding periphery. Consequently, it is necessary to perform 
DNB experiments in heated fuel rods with non-uniform peripheral heat fluxes 
in order to determine whether rod failures occur if local DNB ratios based 







DERIVATION OF EQUATIONS 
Temperature Distribution in Fuel 
The steady state heat conduction equation in cylindrical coordinates 
24 
(r,9,z) is given by 
<& + I 21 + JL &!l + a!l= _<,?_ tt>l) 
dr r dr r d0 dz Kf 
The expression assumes an isotropic medium with constant thermal conduc-
tivity Kf and a uniform rate of internal heat generation q"
1 . The temper-
ature T at a given point is T(r,G,z). This problem assumes negligible heat 
cS TL 
transfer vertically through the fuel rod, so — - = 0. Now, T = T(r,0). 
bzl 
An analysis by Thorpe showed neglecting axial heat conduction will produce 
25 
errors of less than 0.57o. Should greater accuracy than this be required, 
9 ft 
the axial heat conduction term could be included. 
In order to solve this differential equation, A.l is first made 
homogeneous by defining 
T(r,9) = 01(r,9) + P(r,9) (A.2) 
such that 
*\(r,Q) = 0 (A.3) 
62 
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For r and 8 dependency, P(r,8) has been shown to be 
a'" r2 P(r,9) = - *-_£- (A.4) 
This expression for P serves as the basis for the non-dimensionalization 
of this problem. Define 
§(r,0) = ~ 
^ HI -Q*-
T(r,0) - Tb 
q"'Rf/4Kf 
where T, = temperature of the coolant. Define a non-dimensional radius as 
b 
I = •£- such that 0 <. § <; 1 
Rf 
Normalizing P in the same fashion gives 
P(§,e) = - §2 
01 is also normalized. 
01(r,9) 
0(5,e) = * 
q1" R2/4Kf 
Now 
§(§,e) = - 52 + 0(§,e) (A.5) 
Since Eq. A.3 is now a homogeneous differential equation, a separation of 
63 
variable method of solution can be performed. Define 
0(5.e) = R<s)z<e) (A.6) 
So, 
v20(5,e) = 4 + i M + ^ 4 = ° < A - 7 > 
ar 5 a§ r aez 
or. 
i!m + 1 MRZI + A aiasi = o (A.8) 
ar 5 as r ae2 
which yields, 
^ + I *1 + I_ ̂  = 0 (A9) 
R ? R -2 Z ^ ' ^ 
where R" = ^-f , R1 = H , a n d z" = M • 
ar d§ ae2 
Z" 2 
Let — = - v . This gives a differential equation 
2 - ^ 1 + v2z(e) = o (A. io) 
as2 
the solution of which is 
Z(0) = A cosvG + B sinvB (A.11) 
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Equation A.5 is now written as 
f^ff^=0 (A.12) 
The solution of this equation is 
C, + D, ln§ for v = 0 
R (5)"{„.v . _-v , , (Aa3) 
C 2 § + D 2 5 for v ̂  1 
The boundary conditions imposed on the temperature are: 
Symmetry §(§,9) = §(§,- 6) (A.14) 
Cyclic *(S,e) = *(5,e + 2TT) (A. 15) 
Finiteness $(0,0) is finite (A.16) 
The condition imposed by Eq. A.14 sets B = 0 in Eq. A.11 because only an even 
function is an acceptable solution. 
2(0) = A cosvO (A.17) 
The condition imposed by Eq. A.15 requires the values of v to be integers, 
V = 0,1,2,3,. . .. 
Since the temperature must be finite at § = 0, the values of D. and 
65 
D2 in Eq. A.13 are zero, for both ln| and l/^
V equal « at | = 0. And 
since C„ equals a constant C for v = 0, Eq. A.13 becomes 
R(S) = C?V v = 0,1,2,. . . (A.18) 
Equation A.6 now becomes 
0(§,9)v = R(§)Z(6) = (C?
V)A cosvf 
or 
0(^,9) = ) a §vcosv0 (A.19) 
v=0 
The temperature in the fuel can now be expressed from Eq . A.5 as 
CO 
«(§,e) = - §2 + 2, a §Vcosv9 (A.20) 
^=0 
The values of a are obtained from the boundary condition imposed on the 
fuel surface, as indicated in the next section. 
Applying Fuel Surface Boundary Condition 
This derivation further assumes negligible radiation across the 
gap. This term depends on 
4 4 
q" = a Or - T.) n s i' 
where a = 0.1714 X 10* Btu/hr-ft -°R (Stefan's constant). Even with the 
66 
fourth power on temperature, the constant a will keep the heat flux due 
to radiation quite low at the temperatures considered. 
A reasonable assumption for a final boundary condition is to equate 
surface heat fluxes using constant bulk coolant temperature T, surrounding 
the cladding. T, will be a function of radial and axial positions in the 
b 
core. But at any axial location, T, surrounding any one fuel rod can gen-
erally be assumed constant. In terms of fuel surface and bulk coolant 
temperature, the heat flux is expressed by 
(Ts - Tb) = < [ irrej+ r ln(r)+ r r ] (A-21) 
C ' C 1 O W 
or 
(Ts - Tb) • 
R, 
hcO) K 
V R. + - l n ( . r j + Fh 
o w 
(A.22) 
In addition, the fuel surface heat flux is given by 
dT 
f dr =R, 
(A. 23) 
so, 
K ^ Kf dr 





R£ /R v 
r Ks2) + 
ILS 
R h . 
o w 
Normalizing this equation as in the preceding section 
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d § | 
1=1= 





/ R \ 
Kr)+ 
K f i 
R h J 
o w f h c O ) 
Inserting Eq. A.20 yields 
• I v av cosvG = 
V 
- 1 + ) a cosvG 
i J V 
V=0 
v=0 
r -F f / \ 
LiiTcey+ r Ho + 
K, 
R h . o vr 
(A.24) 
In order to solve for a , Eq. A.24 is multiplied by cosXG and inte-




cosv9cos\9d9 + cosy8cos\8d8 
v=0 
-TT 
I a f — 
- ° v "n [o%y + r Kr) .R j i (0 ) f c ' c + 
K f . 
R h J 
1 O W 
• J " , 
- T T 
2cosX9d9 -r. cos\9d9 r f f / \ f ~i 
LorieT+ r ln(o + nrj 
f C C 1 O W 
= 0 (A.25) 
This equation yields n equations in n unknowns (aA -» a ). Simultaneous 
U n 
solution of these n equations gives the values for a for use in Eq. 
A.20. 
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Cladding Surface Temperature and Heat Flux 
From the previous section, the method is discussed for determining 
the set of constants a . Once they are obtained, the fuel temperature 
distribution by solving Eq. A.20. Heat flux at the fuel surface is ob-
tained by 
K 2 K( 
' ; • -
_f d$| 
Rf dfj §=1 R 
r- Kf 








q" — 4s R 
(A.27) 
Also, 
^=hw^c - V (A.28) 
So, 
R d(T - T ) 
dr 
„ 1 = h (T - T, ) 
r=R£J w c b
y (A.29) 
In non-dimensional form, Eq. A. 29 is given by 
^ a | = h ft 
" RQ d§|s=l V c 
(A.30) 
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The cladding surface temperature can be calculated from Eq. A.30 in the 
form 
K 
*c = ( F T ) (" 2 + I vavcosv9) (A.31) 




DETERMINATION OF GAP WIDTH 
The expression used in this study for the angular dependent gap 
size is 
L(9) =(Ri - Rf) - ecos( (B.l) 
This expression is an approximation derived by comparison with the exact 
values of L(0) as determined by a computer program. This program was 
written in FOOOL-F for use on the PDP-8 computer at Georgia Institute of 
Technology. The listing of this program appears at the end of this 
Appendix. 
The solution for L(9), as shown in Figure 29 is best obtained by 
using the Law of Cosines. The expression obtained is 
L(0) = - Rf + (e





R. * * E 4e sin 9 R: 
2 2 
., e sin 8 , . 2. 
4( + s in 0 
R7 
I 
- 1 (B.3) 
Results for a sample run of this program appears in Table 9. Com-
parisons are made between Eq. B.l and the exact value for L(9). 
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L(<9) 
a. Fuel-Cladding Cross Section 
b. Angular Relationships 
Figure 29. Gap Geometry 
(JOWU3Lou>U3U3^J^o^o^oro^oN^^5^o^o^-- ,^-- ,^-- ,^-- ,^-- ,^-- ,^-- ,^-- ,^-- ,^-- , 
O U i - ^ U 3 N 3 H O v O O O v l O U i - ^ U N ) H O v O O O v l < ^ U i ^ O J r O H O V O O O N j O \ U i . ( > U N ) H 






H H H H H H H H H H N ) N ) f O N } ( O N ) N N N ) N ) N ) N ) N ) N ) N ) N N ) H H H H I - ' H H H H H 
U i U i U i U i ^ ^ N l O O O O V O O H N J W U J ^ ^ J M n ^ J S ^ U W N J H O V O O O O O N l ^ O M j i U i U i U i 
O O M U i O ^ N J O O O v J U i ^ N O N J N X ^ ^ O v O ^ M v J O N ^ U i O N O O O N ^ O U i M O O 
O ^ ^ V O - ^ O ^ H N J O ^ W O M A J O U I ^ H O H ^ U I O O J O M J O N M N J H ^ O - ^ V O ^ ^ O 






H H H H H H H H H N 3 N 5 | O f O t O N J N ) N ) N 3 t O N ) N 3 t O N ) [ O I \ ) N ) N ) N ) H H H H H H H H H 
O O W ^ H V J W H V O 
O N l O ( ^ ( M O O f , l - ' 
O O H N ) U U - ( > J > J > U i J > > J > > ^ L J L J N ) H O O 0 0 0 0 N l O N ( ^ U l U i U i U i 
O M O ^ W N ) ( X i U ^ V O O ^ ^ W ( » N 3 U ( ^ a O v O H W > J H O M J O O 
O U i H O O H U U ^ t O O N ^ W l j O H O O H U i O H ^ O N ^ ^ O M O 









As seen in all cases the agreement is within 1%. The program was run for 
numerous additional cases and consistently obtained accurate results. 
The FOCOL program for gap-width determination follows. It solves 
Eq. B.2 for L(9). 
01.10 S E=.5 
01.20 S RF=2; S RC=4 
01.30 T7o8.04 
01.40 T" T A",:.'.' 
02.10 FOR T=0,10,360;S TR=T*3.14159/180; DO 3 
02.20 GOTO 4.1 
03.10 S Vl=(E )*(FSIN(TR) 4)/(RC 2) 
03.11 S V2=(E 2)*(FSIN(TR) 2)/(RC 2) 
03.12 S V3=(FSIN(TR) 2) 
03.13 S V4=V1-V2-V3+1 
03.14 S V9=F0(V4) 
03.15 S V6=E*(FSIN(TR) 2)/RC 
03.16 S V5=V9*FC0S(TR)/FABS(FCOS(TR)) 
03.20 S V7=(E 2)+(RC 2) 
03.30 S A=-RF+F0(V7-2*E*RC*(V6+V5)) 
03.40 T T," M,A,.' 
04.10 QUIT 
30.10 S Z'=FEXP(FL0G(A')/2) 




The following is a listing of the computer program used for 
obtaining data for this investigation. Following the listing is a sample 
of the output that results from the program. 
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3U0 P U R : W (!;•'» l TE '« 'PFRArU«E= » r F l 0 . f t ) 
i »< 1 !>• I o . 3 1 U ) f; ( 3 ) t b ( J» 1 ) , »1 I7 ) t S { J / 7 w N ( 1 3 ) * c, ( j . 1 3 ) 
vK I T'" ( o , ^ 1 0 ) M ( ? ) » b { J , p ) , M I 8 ) ' b ( J , 8 W ^ { 1 'O f s I J r 14 ) 
v . t M T ' - l u . ' . l U ) ' - i < 3 > » S { J , 3 > . M l 9 ) »b { J . 9 ) , N | ] . 5 ) »«UJ# 1f t ) 
» . K i T c j 6 f - 3 J 0 ) M ( « ) » b U f 4 ) , ' - H i n ) * S { J M 0 ) #M( l o ) , S { J , l o i 
> K i T?- j o f "* l u j r:«'s)»b { j , b) t r: 111) ' S ( » J » i i ) . D ( l 7 j , s (o» 171 
i.KT T ^ J O P 31 u) M(-0 »b(vJ M j ) , M I 12) »S( J» i 2 ) , t ' ( 1**) »S( J , 11> i 
310 r 0 f < ' - 1 ' T ( S % ' ' I 3 t b ^ » F l 0 . 6 i l * X i 13» b v , F l r . 6 , 1 OX t t 3» o X , P i .« . rS) 
i H J r r - ( r j , ^ 2 0 ) M ( ] 9 ) »S( J# 1^) 
3 2 0 pUi<.'.:» T t e ' X ' I 3 » r i X » K l O , 6 , / / l 
t+bO pO- jTT f 'U f 
i .LTU^ t . 
F'<0 
89 
ir - I '.HATA 
•..•I I . -.o^-ii 0 7 / 2 4 - 1 ^ : 3 ^ : 4 6 
•Mi) 
noo i l 
0 0 0 H..Q 0 . 1 6 
oon 0 . 0 1 6 q . O E - ^ 
oon 4 . 0 4 . 0 
•\fiW, >.^DG 
M.LI, ib9- r , 0 7 / 2 4 - 1 ^ : 3 ^ : 5 3 
n o ) 
0 0 0 IN T E M P . M A I N 
oon IN 7 E M P » F 2 
oon IN TEMP.F4 
oon I k T E M P . I N T E G 
nOn 111 TEMP.qE^lES 
oo n IN TEN'P.SU"T 
noo IN TLMp.MPi MX 
oon TN r i fVp.TCi M) 
nou IN [h:Mp«lM^X 
0 0 0 IN lfc.MP.PRt:L 
0 0 0 I N IEMP.PRINT 
OOn IN VCMP.TMAP 
00,1 L i n SY^ItMtA.-iA-mSTAT 
O.P 3.2&1E-5 0.0 
THIS LlSTlNr. PRODUCED Or.- jULY ^\ , 1974 
**** **** Pi LAiV̂  RFTURN T|-|IS LISTING TO: 
NEMDG 
* * * 
«ur; NU'-'BER 6- 9 
COEFFICIENTS 
1.-6976 -.20017 -7.96592-03 -5.27759-0<+ 
-5.:l29Bf>-C6 -1.8UJ29-07 -8.45C95-C6 O.OOOCC 
PARAN'CTEH DATA 
K GA5/K FUEL = . oeor.oo TFCENT 
.< CLAJ/K. FUL<- = '+.O0HGO0 TCCENT 
H IvALL/K FUEL =25000.OCnOOO GwCENT 
OELR= .02'l3?_H 
Gl+&2= .164930-02 
E = .OiOPli 
THE TA TF TF/TFCEM 
0 .^aa'if, .^,87^73 
10 ."92'+96 .^g^^UO 
£0 • 5fi31;»3 .707521 
30 .520307 .73165* 
<+c .543l
a5 .7633^2 
50 .570^17 .O02634 
60 .t>02050 i 6 <» 6 b 2 ̂  
70 .635699 .393921 
bO .670b7o ,C;H2957 
90 .705S.32 .992:21 
100 .739L.S4 1.039962 
110 .771710 1.CP51QI 
120 .OOllfll 1.12 6*22 
130 .027233 : . 16?*35 
1«.0 .'l',93<0 1. 1 9 <• 3 •+ o 
ICO •«66993 1.219157 
160 .079353 1.P37259 
170 .^376d6 I.?<+3":56 
iao .690314 1.251961 
THE MAXIMUM TEMPERATURE = 








TC TC/TCCENT O W / Q W C E N T NU*TC/QWCENT 
.ooScio 1.1CS975 1 . 1 0 R 9 7 5 1 .l0^°?3 
.oc5r.r;o 1.106023 l.lnftn23 1 • 1T--.8C 3 
,00^970 1.1C0539 l.lnn539 1 . l0"e>73 
,COuv27 1.090579 1.09n579 1 . n n n 6 ] 0 
. 0 0w36o, 1.077563 1.077563 1 .077^61 
• C0Ii79-- I.0622O7 1 .Tn.^207 1 . 06? 1 6<~ 
,00^722 1.0*t52«i6 1.0452^6 1 . T^Pps 
.00-6-2 1. 027^53 1.0271+53 1 . 027«+p,o 
,00*56; 1.009548 1. cno5"+3 1 .009cfi6 
, C 0 u - 2 -> .992122 , 9 Q ? : ? 2 .90?12 1 
,0fl'.'i07 .975616 .97^61^ .°7^57n 
,CQu33o .96037*+ ,96n37i+ .96n'"^9 
,CCa?.77 .9^6701 . ^ 7 0 1 .9nf.72n 
.C0U2?? .93*360 .93(,*63 . 93ii.
r|o/-> 
,C.:"1?9 .925032 ,92^03-> •9?503S 
.C:^l-iL ,917?97 .917297 .917263 
,C0*i-9 .911696 .Vli696 .911670 
.Genoj .90e23a ,90n2S!+ .90«^05 




























DATA FOR TEMPERATURE MAPS 















60 .309357 120 .109772 
70 • 3?3f,70 130 .425752 
80 .339611 140 .439792 
90 .356764 150 .451327 
100 ,374 599 160 ,459902 
U C .392^93 170 .465182 
100 .466969 
60 .465607 120 .565950 
70 .4flj652 130 .581049 
80 .197066 140 .594177 
90 .514371 150 .604877 
100 .532017 160 .612786 
no .549112 170 .617638 
1*0 .619276 
0 ,5 3/339 60 .584505 120 .684777 
10 53M732 70 .599917 130 ,6904 31 
20 542.80? 80 •616563 140 .7l?100 
30 ,54 9 7 n 90 .633935 150 .722300 
40 550 077 100 .651477 160 ,7?0953 











60 .6"44l4 120 .704615 
70 .7Q0072 130 .798971 
80 .7K,869 140 .011333 
90 .734280 150 .821332 
100 .751746 160 .82868? 









60 .772283 120 .872413 
70 .788127 130 .886543 
80 .805036 140 .898671 
9C .822471 150 .908459 
loo .839875 160 .915642 
U O .856697 170 .920031 
180 .921509 
93 
TEfiPERATURE = .390314 
0 ,800974 60 .851636 120 .951695 
10 ,802512 7C .867631 130 .965641 
20 .807075 30 .884 6;?9 140 .977582 
30 .814533 90 .902030 150 .987198 
40 .624663 LOO .919430 160 .994247 











60 .864537 120 .964580 
70 .880551 130 .978499 
80 .897563 140 .990410 
90 .915017 150 1.000000 
100 .932358 160 .000000 























60 .899986 120 1.000000 
70 •916067 130 .000000 
80 .933U5 140 .oooooo 
90 .950574 150 ,000000 
100 .967891 160 .oooooo 
110 .984533 170 .oooooo 
180 .oooooo 
60 .949275 120 .oooooo 
70 .9654 4 0 130 .oooooo 
80 .982535 140 ,000000 
90 1.000000 150 ,oooooo 
100 •oooooo 160 .oooooo 
H O .000000 170 .oooooo 
180 .oooooo 
60 1.000000 120 .000000 
70 .oooooo 130 .oooooo 
80 .nooooo 140 .oooooo 
90 .oooooo 150 .oooooo 
100 .oooooo 16C .oooooo 









60 .oooooo 120 ,000000 
7C •oooooo 130 .oooooo 
80 .ooocoo 140 .oooooo 
90 .oooooo 150 .oooooo 
ICC .ooocoo 160 .000000 




DATA FOR CHAPTER V 
* * * 
RVU NUMBER 3- t*b 
COEFFICIENTS 
2.1317 -.U6735 -U.C1901-C2 -5« <*3:»g9-03 
-1.77202-0** -2.56026-05 -1.61237-04 C-OOOOC 
PARAMOTE.-'? DATA 
K GAS/K FUEL = .C<*<*000 TFCENT= 
K CLAD/K FUEL = H.OCrOOO TCCE^Tr 




THETA TF TF/TFCEN'T 
0 .617326 ,506329 
10 .6279*5 .51563? 
20 .653957 .5M115 
30 •7Q7O00 .5F.1C60 
uo .770<*29 .532653 
50 •EU373Q .592853 
60 .923032 .75362? 
70 1.007109 .827007 
80 1.090332 .B953^7 
90 1.170948 .9615*7 
100 1.247125 1.024101 
110 1.3J7+37 1.05184'" 
120 1.3flo552 1.133667 
130 l.'»3525c 1.17353-
l'*0 i."8069c 1.215-91 
150 1.5l6;+9o 1.2^5235 
160 1.5t<2^e>6 1.266*. 26 
170 1.558325 1.P79649 
160 1.563o75 1.26Uol+3 
THE MAXIMUM TEr-'.PERATURE = 
AT THETA = 180 A N D RADIUS = 
2.18u2082 
.2250000 
- ? . 2 ? 3 & 1 - C r i 
f* . o f /% n *\ 
1.2l7775 
. O 4 5 I 7 6 
1.7*1177 
TC TC/TCCENT OW/OvCEMT N U * 7 C / 0 V ' C E N T 
05805ti 1.2850U5 l.?8~0'*5 1 ,2P't?P6 
0 5 7 6 8 Q 1.275Q65 1.27r,?65 J.2767n 
05566^ 1.2SU265 1.25M.? 66 1 .PT'l^UO 
0551^2 1.220589 1.22*589 1.22120'. 
0 5 3 2 9 A 1.179769 1.17o759 1.17->^PS 
05-266 I.134795 l.l3a
79^ 1. lT/Ĵ Q"̂  
Ca9i3o 1.083163 i.0Api6T 1.0R7"53 
0^7c9u 1. 0a2«*33 1,04?433 1.0U2°10 
n i: 51 71 
- * A 
.agopqti ,99o08(j 1 .Oonrn^. 
C<*344i .961584 .961581 , 9 c, i
 r. i: <x 
C^l59u .927339 .^.7.7339 .926"7.TO 
C^C5lO .896697 ,»n£>6°7 . R o c, 2 Q1 
0 3 ° 3 3 0 .86^934 ,86o^3u . 8702.014 
SI—3 "2 ,P,ii7a,r9 .*5U7^2'> .8(|i'l71 
0 n "* 5 -4 .830622 . * 3 r> 6 2 2 . fl T T 7 ; "? 
: ; ^ ^ 7 : < i .8175G6 .Hl7596 •81^121 
?3^"3 .307890 ,»0 7890 .80739', 
0 2 r 2 0 n .801508 . 80,50.0 .8n:7*4» 
C3?>1C6 .799223 ,7o0223 ,7uo,^s 
vO 
U i 
* * * 
RUN N'JV'£E'? 4 - 46 
COEFFICIENTS 
2.C()9B _.q7i65 -4.15646-02 -5.0C953-C3 
-1.96^66-04 -2.52ci33-05 -2.19822-Q4 0*00000 
PAKMME.TE.1 DATA 
K GAS/K FUEL = .044000 TFCENTr 
K CLAU/K FU£L = 4,00n000 TCCEN7= 




TMnTA JF T P / T F C E U T 
0 . 5 f , 7 i 5 9 . a a i Q 9 o 
1 0 • 5 7 B 3 . J 3 . 4 9 1 2 8 3 
2 0 . 6 i 0 0 ' t « 3 . 5 l * ? 5 3 
3 0 . t > 5 ? y / b ? . 5 6 0 u a i 
4 0 . 7 2 3 7 ^ 5 . 6 i 4 . < m 
bO .7?n u s , 6 7 P ? 3 l 
t.O . P 7 9 : i 7 3 . 7 4 7 ^ 3 ? 
7 0 . 9 6 - ; U G 7 . ^ 1 9 3 4 7 
8 0 1 . 3 4 R / 3 4 3 • 0 9 1 Q 2 7 
9 0 1 . 1 3 0 ^ 1 3 , 9 6 0 3 2 4 
1 0 0 1 . 2 u 7 ' H 8 1 . 0 2 5 7 4 3 
11U 1 . 2 7 f i b 0 5 1 . 0 A 6 1 3 3 
1 2 0 I . i 4 2 - 5 2 C 1 . 1 4 0 3 4 ^ 
1 3 0 1 . - 5 9 7 5 6 3 1 . 1 R 7 2 7 7 
1 4 0 1 . 4 4 3 3 { - . t f 1 . 2 2 6 1 * 6 
l b O 1 . 4 7 y n a l . ? . S b A l ? 
l b O 1 . ^ 0 5 6 1 3 1 . 2 7 " - : 7 3 
1 7 0 1 . 5 ? n , 7 7 1 . 2 0 P 7 1 S 
l o O l . b 2 7 1 1 0 1 . 2 9 7 3 3 1 . 
TrlL MAXIMUM TEMPERATURE = 2.14374*6 
AT THZTA = 100 AND RADIUS = .22*0000 
- l . C l o 3 3 - 0 ^ 




TC T C / T C C E N T OW/O4CEMT N'J*TC/ONCENT 
, 0 0 5 B 3 o 1 . 2 9 0 4 6 3 1 . 2 9 P 4 6 3 1 . 2 « o 4 p o 
, 0 0 ^ 7 9 ^ 1 . 2 * 1 Q 9 * 1 . 2 R , Q 9 a 1 . 2 f U * 5 7 
0 C 5 6 3 5 1 . 2 5 3 3 7 f t 1 . 2 5 P 3 7 - J l . c S ^ ' O O 
0 c 5 5 2 < \ 1 . 2 2 3f tQ9 1 . 2 2 ^ 6 9 0 1.2?<i^ r>r» 
. 0 0 ^ 3 ^ 0 1 . 1 8 2 0 1 2 1 . 1 A o O l 5 1 . 1 M 7 7 ? 
C C 5 1 3 3 1 . 1 3 6 1 9 1 1 . 1 3 f t l Q l l . i j s ' n 
0 0 ^ 9 1 * 1 . 0 3 5 6 1 2 l . n ^ - , 6 1 2 1 . ri n A ' t\ 9 
Q n U 7 C 7 1 . 0 4 1 9 9 1 1 . 0 4 , 9 9 l l . ( ! n ? ^ 5 ^ 
0 C u 5 l 3 . 9 9 3 R 7 4 . 9 o Q « 7 4 , 9 -"3 O 7 7, (̂  
G C ' ' 3 3 o . 9 6 0 3 * 2 , 9 6 n 3 » 2 . 9 ( t , n 3 ? s 
0 0 ^ 1 * 3 . 9 2 6 0 3 ? . 9 2 ^ , 0 3 2 . 9 2 S 1 < » 6 
CO^O^u , B 9 5 l n 6 , B P c ; 1 0 7 , fiaaf^^a 
C C 3 9 2 J , ? 6 7 o s 4 . ^ 6 7 9 5 1 1 . 8 6 t V 4 4 ? 
0 C 3 « 2 0 . 8 4 5 6 5 0 . ^ 4 ^ 6 * 5 0 . * : i A S 3 < 7 
G ; . - 7 ^ 3 . * 2 S 5 4 8 . « 2 A 5 4 B . 0 2 * ^ 7 ^ 
0 **• J f: "* *̂  , S l b n H 2 . H l S o 9 2 , 8 l ' ) * q 7 
^ •* - - '* i , f l 0 5 9 ? 9 , » ? s 9 2 9 • 8 o S ? 4 6 
0 0 3 S i 1 . 7 9 9 2 9 1 . 7 Q q 2 9 l . 7 9 ^ 6 1 3 
0 0 - 6 - 0 . 7 9 6 3 6 1 . 7 9 f , l 6 l . 7 9 7 7 7 3 
vo 
* •» 
«U( j NUMBER 5 - 6 0 
. c O r r F I C I C N T * ; 
? . 3 7 V > - . 4 f l A ! « 2 - « . ? ' i 2 S ? > - C ; > ~ b . 7 3 2 ~ f * - 0 3 -<J,5nr?.-»,-o«». 
""* . 77^*5-0'* - ^ . 2 2 r > s 7 - n b - R . r ' J b O ^ - O s 0 « ? " C " " ? .C r ' , ' , ' - > 
H A N A M F I L . 1 HATA 
rx G u S / K F U F J = . U 2 6 ^ 0 0 
N f L A i ; / K F U F L = u » O 0 ? O U 0 
M :.*\.\_/y F U F L = ? 5 0 n . 0 0 * 0 0 0 
• >£i K = , n l 6 ? 1 6 
o l * t . 2 = . ) ( > « * 3 3 8 - n 2 
T r c c H T = 
T>Cc.MT= 
C v c L M T = 
. O ' ^ u g d 









l O i . 
l U i 
I?! ) 
1 J 0 
l u l l 
I S O 
1*>G 
1 7 0 
lHO 
E= .o io*u 
TF TF/TFCENT TC 
, H 3 3 1 n y .5o725o •059CKU 
.*«<)?.} 1 , 5 7 ^ 7 7 I J . r<3?6-p . 
. H H 1 5 U 2 . 5 ? ' - 6 i i 3 • 0 5 - & 1 2 
.<U2t»*,'+ . 6 3 11 V>j • 0 5 b Q « 9 
.oy . ' J3u l . & 7 5 7 0 6 •n5^Oca 
1 . r w b l v o . 7 . 0 7 7 0 7 • 0 5 i e « 2 
l . > b d 9 ; \ t + , 7 . " " U J J • C<*?6"'4 
1 , ? u b C u o . ? " 3 3 6 Q • C J 7 5 - 9 
1 . 3 3 3 0 n 5 . 9 n 2 2 7 0 • O'+S^-b 
1 . ' » l 7 4 t i 6 , 9 s 9 3 o ~ .."1U36-9 
I . u w 7 1 n 2 1 . 0 1 3 2 0 1 0 * 4 2 ^ 0 
l . S / 0 t f , 6 l . C e , 2 9 3 b . 0 * * C 5 O 
l . * M > 2 n l 1 . 1 0 7 U 2 7 • G 3 9 3 i 3 
I . f c 9 3 1 n 7 1 . 1 4 5 ^ 9 7 • 0 3 ^ 2 7 u 
1 . 7 U 0 6 1 2 1 . 1 7 * 0 * 6 O ^ i c r 
1 . 7 7 7 « o 3 1 . 2 : 3 3 ^ 6 • C3C " - ' • : 
l . / \ U b O ? 7 1.22:t>5<+ .03'>3&S 
1 . H 2 1 ' M 3 1 . 2 3 2 7 9 ? • 0 3 6 0 ^ 1 
l . A ^ b 9 u U 1 . 2 3 6 5 2 5 • 0 3 5 9 » 3 
F M P I - R A T U R E r 2 . H 3 3 2 1 9 2 
i) A.JO P A O I " S = .23bOOOQ 
T C / T C r E f j T 
l . ? 4 7 g 6 3 
I . ^ M V T O . S 
i . ? f » D y 7 ^ 
l . ? 3 l " 3 3 
l . l r i 7 u ^ 3 
1 . 1 u O s b l 
i . i j 9 i ^ 0 . 1 
1 . p u . « ? i ? 
. C , Q 9 7 2 I 
• 9 S 9 ^ 7 s 
. g ^ j ^ 5 ^ 
. M 9 1 ^ < + 1 
.H!=i^. ,b? 
. S a - ? n 0 
• * ; > 3 i 2 s 
.HT.9 » 0 ? 
. 7 9 9 - > 9 3 
. 7 9 - * n a 3 
. 7 9 0 w B A 
ftrt/u*»CFwT 
l . ^ V 7 9 6 3 
1 . ? o - > 7 ; j b 
1 . v u c> ? 7 J 
l . ? J i 0 3 . - i 
1 . 1 o / 9 u 3 
1 . 1 - t ub i - a 
1 . t i v l G D J 
1 .t)H-42leL 
. u ^ v 7 ? l 
. 9 - > V 3 7 b 
• *-'«! j 3 ^ - + 
. H1} i.C)4. J. 
. » ,o i Oi.c 
• > W i 2 u U 
. M < O l «•_' U 
. M u y J l ) £ 
• 7 W 2 9 3 
. 7 ^ j U - f O 
. 7 ? u O r t 6 
, n > * i r / j W r . E N T 
l . 2 ' ' 7 S < i 3 
l . 2 o i ; i o 7 
I . ? o ^ ! j ^ : b 
i . 2 J i 3 i '•>. 
\ . ! U 7 ; < o 3 
i . l - * ' ; 2 o 7 
l . i l ^ l t u l 
l . , j H . ' j 4 i 7 
i . J J i ( l o 9 
. ' W ' i u d 
.•*£ V l u . i 
. « v '. 3 H / 
. a o . , 2 i b 
. d'> VbJt> 
. / < c . U / l 
. . ju<-)0o7 
. y ^ o u 1 * 
. 7 l > U - > 3 
. 7 * 1 W 9 
VD 
•^J 
* * * 
RUN W'BER 6- 60 
COEFFICIENTS 
2.3337 -.4945$ -4.37432-02 -ft.03633-03 
-1 .'?t>,J21-0*» -3«531'4Q-n5 _i.C2C.'j7-.Tfi 0 - D 0 0 C C 
PARAMCTErt OA rA 
K GAS/K F U E L = . 0 2 6 0 0 0 TFCENT 
K CLAO/K FULL = 4.OOC000 TCCENT 




THETA TF TF/7FC5NT 
0 #7«fl0l2 .54 355.'? 
10 .7o<33S7 .5564 56 
20 .032400 ,579u51 
30 .084342 .61560° 
40 .951424 .662306 
50 X.02Q5H8 .716690 
60 1.114666 .775943 
70 1.202976 ."•37417 
fll> 1.291134 ,39370.6 
90 1.376466 .953\37 
100 1.456965 1.014224 
110 1.531075 1.0=3313 
120 1.597453 1.112:21 
130 1.651+956 1.152050 
140 1.702767 1.1E5332 
lbO 1.74Q433 1.21155? 
160 1.767685 1.230523 
170 1.784242 1,242049 
iao 1.7&9507 1.245922 
THE MAXIMUM TEMPERATURE = 
AT THETA = iso AND RADIUS = 
2 .3Q?3""*6 
. 2 3 7 0 0 0 0 
o.ooooo 
1 . ^ 3 6 5 . 7 2 
, 0 0 4 5 « ; 0 
1 . 7 5 3 5 ^ 5 
TC TC/TCCEMT Q W / 9 V C E M T NU*TC/9WCEMT 
005929 i.303oni 1.30^n.3l 1.3096a1* 
C0589o 1.2.94531 l.?.9:i53l 1 •2'»4
T.8^ 
0o578o 1.270349 l.?7n3«9 1. 2 7 ^ 7 6 
C05615 1.234160 1.2V 160 1.2,,'i5i'? 
0:5ul5 1.190121 l.l?r.l2l 1. lCnf'31 
005195 1.14 1824 1.1418 2" 1.1 a 1 « 31 
00^969 1.0Q2220 1.0°??2 0 1 .anp'
>?7 
C0-74O 1.043836 1.94^8M6 1. n a a 1c, •> 
0:.45*5 .993863 ,'->9r,86 3 .9q92?n 
0 C a 3 £> 0 .953199 .95ql99 .95»lm 
00-195' , Q21 CS9 .92,959 .921 58a 
0r4C49 .P39914 ,A3o9l4 • 8 <i o 6 6 6 
C 3 ? 9 2 T .3622M ."•6?201 . r. 6 ? 4 o 2 
C03?ls .e.3924l ."•3n2'M .83°';?2 
CC3735 .821316 .82,316 .823176 
v :.; "̂  6 ~ "» ,807??4 .Bn7324 •8n6
np* 
00-627 .797^75 ,797->75 ,706^80 
Cr.35?9 •7909?3 ,70^923 .701161* 
00356s .763713 .733713 .7891U 
VO 
00 
* * * 
R'JU NUMBER 3- 64 
COEFFICIENTS 
2.753C -.64756 -7.12655-02 -1.19094 
-5.42o77'-C4 -1.25166-04 -1.74216-04 OOCOCC 
PARAMETER t)ATA 
X GAS/K FUEL = .026c00 TFC 
K CLAO/K FUEL = "*.0CSC00 TCC 




THETA TF TF/TFC=;N7 
0 1.054001 .529569 
10 1.070o66 , 5 3 8 2 4 4 
20 1.110302 .562234 
30 1.193497 .599771 
40 1.298337 .647416 
50 1.396o4l •7C1557 
60 1.5i24b4 .760*6? 
70 1."30506 .11933? 
60 1. 74D4?_2 .«?763-
90 1.35696* .933135 
100 1.9:J9'M1 , oriijo i o 
110 2.0536 78 1.CZ2C-40 
120 2.136918 l. 073-171 
130 2.2Q3468 1.109326 
140 2.267552 1.12951'! 
150 2.3i3J56 i ^ h j i J T 
lnO 2.34 7264 1.179576 
170 2.36754Q l.ir?77* 
180 2.374357 l.l<53l9fi 
THE MAXIMUM TEMPERATURE s 2.P«-M5l4 
AT THETA s 180 A N O RADIUS = .3"'i"Cp0 




1.405254 1.4rv,?54 1 . 4 0 5 n i±'+ 
1.3677?2 1.35772? 1 . ZfylMlf-, 
1.311548 1.31,54a 1 .3T?°5t 
1.2a55^2 1.24c59-> 1. . 2 4 r ^ n 
1.176076 1.17^076 1 .17^5^5 
1.1C7345 1.107345 1 . 10704? 
1,0'''26U4 1.04?544 1 . 0 4 "* " 0 0 
.95-290 ,9Rti?.90 .9<V»r37 
.933173 . u3^l73 ,0-r^] p r( 
,e-c6774 .yA"77'i .nop ?3 T 
."1:0219 .35f?l9 .fl4""37 
.8i73->8 .^l732fl .fll7r-.no 
,79^5n4 .79^504 .701"7a 
.769737 ,7f,o737 .750.1:11 
,7F^J54 .75i»l5iv .75-",650 
.742759 .74?759 .7^.?^\<\. 
,735432 .73r,43.-» ,77ie;'S35 
.73?e45 .73?"45 .7.13'' 36 
VO 
vo 
* » * 
RUN NUMBER 3- 82 
COEFFICIENTS 
6.1571 -1.0652 -,16'-U6 -3.56^92-02 
-2.'•5365-03 -7«ll329-0*4 -2.8998R-0<* 0«0C000 
PARAMETER DATA 
•Bt^&P^-C1? 
0 » 0 C Q C C 
K GAS/K FUEL = .coacoo 
K CLA3/K FUEL = <*.00o000 
H wALL/K FUEL = 2503.000000 









TMETA T^ TF/TFCENT TC TC/TCCEM 
0 3.879735 .622Q79 ,08029a 1.777UU3 
10 3.9141U .627591 ,C7679«; 1.7utii&5 
20 «•.012073 .6432?* 07<*6£« 1.653166 
30 <•.160165 .6670^3 .06^9'* 3 1.526n?3 
10 «*.3^1527 .695123 C62626 1.3A62U7 
SO 1.5U0'*o5 .72S02C 0 t^Aj^Q^ 1.2506UI 
6C 1.7u/»6('.«» .76:7*5- C D ** ~ -*6 1.127un3 
70 <*. 9nr>315 .792^3'* Ct6^65 1.*19666 
CO 5.l36l4f) . 3,23^ J t Cul9^C .927cnB 
90 5.3130^7 .351397 03pu7t4 .P:̂ l6'i6 
ICO 5.473639 #377^5 C356«l ,7S5=2U 
110 5.616656 .9C35™ 3313-T-u ,73?1-~U 
120 5.7'n3Vl .P2':^6" C3l33y .^9^691 
130 5.H'*69*3 .93?s:? rjppjl ,660772 
1<*0 5.9333.''o ,05«352 0 2 2.623 .63-920 
150 6.000361 .9621C1 C2"62& .515931 
160 6.3'»33l2 .96979: C 7 ? 1«, .60243'* 
170 6.077212 • 97«'-t23 'o?*i33 .593R«.6 
180 6.0s6'J8<l .975974 ,02S70c .591015 
THE. MAXIMUM TEMPERATURE = 6.UQ39504-




































. 6 6 1 ? 2 ° 
. 6 3 " 1 0 3 





RUN' NUN'&ER 3 - «*2 
COEFFICIENTS 
1.0071 - .3 '» tf<*3 - 2 . 3 6 9 6 3 - C 2 - 2 . 6 4 0 9 ^ - 0 3 - 3 . 7 3 i 8 2 - C a 
-5 .^ -3627-05 2 .2? '*65-06 -1 .374Q3-04 O.OOOOC O.OCcCo 
F'AKA./ETD* DATA 
K CAS/K F'jEL = .C44C00 
K CLAJ/K FUEL = 4.00COOO 










ThtTA TF TF/TKCEMT TC 
0 .*+3l277 ,5C73?7 ,05^75* 
io .'̂ cTĵ a .515964 ,C5"52? 
20 .'<59301 .540956 .053861 
30 .403'v?5 .53:527 ,C5?86o 
40 .537402 .632?54 .051641 
bO .5h9462 .6V3'02 .05&244 
60 .6472?6 .70146? .043744 
70 .700177 .r,3 3l7C ,Cu7?.̂ q 
60 .769^.^5 .905794 .04573? 
90 .030433 .97 7CC4 ,C44u5u 
ICO .Spft.279 l,Q4 5lbC! .043238 
110 ,.9<*2225 i.icr>523 ,04212?, 
120 .991072 J .165996 ,04 113A 
130 1.033ty)5 1.216143 .04031? 
140 1.0&Q^9l 1t2t-:22 ,03=5665 
150 1.097'*6l 1.2SU64 .03^170 
160 1.117967 1.315312 .03379.e 
170 1.130-J62 1,330107 .03555! 
160 1.13H311 1.33510? .033463 
THE MAXIMUM TEKPErtATUflE = 1.33685*5 
































































a Constants obtained from Equation (A.20) 
e Degree of eccentricity 
g,+g9 Temperature jump distance 
G Normalized temperature jump distance (g-i+g9/R.c) 
h (9) Contact heat-transfer coefficient c 
K Thermal conductivity of cladding 
Kf Thermal conductivity of fuel 
K Thermal conductivity of gas in gap 
q" Fuel surface heat flux 
ŝ 
q" Cladding surface heat flux 
q"(conc) Cladding surface heat flux for concentric fuel pellet 
q"' Volumetric heat generation 
r Radius 
Rf Radius of fuel 
R. Cladding inner radius 
R Cladding outer radius 
o ° 
T Cladding surface temperature 
Tf Fuel surface temperature 
T (cone) Cladding surface temperature for concentric fuel pellet 
Tf(conc) Fuel surface temperature for concentric fuel pellet 
Ar/Rf Normalized radial difference (R.-Rf/Rf) 
103 
Normalized eccentricity (e/Rf) 
Normalized radius (r/Rf) 
( T " Tb Normalized temperature 
q'"R^/4Kf 
§ Normalized cladding surface temperature 
$ Normalized fuel surface temperature 
$ (cone) Normalized cladding surface temperature for concentric fuel pellet 
$f(conc) Normalized fuel surface temperature for concentric fuel pellet 
9 Angular measurement 
104 
BIBLIOGRAPHY 
Duncomb, E., C. M. Friedrich, and J. K. Fischer: "CYGRO-3-A 
Computer Program to Determine Temperature, Stresses, and Deformation 
in Oxide Fuel Rods," WAPD-TM-961 (1970). 
"FIGRO- Fortran IV Digital Computer Program for the Analysis of 
Fuel Swelling and Calculation of the Temperature in Bulk-oxide 
Cylindrical Fuel Elements," WAPD-TM-618 (1966). 
Homan, F. J., W. J. Lackey, and C. M. Cox: "FMODEL- A Fortran IV 
Computer Code to Predict In-Reactor Behavior of LMFBR Fuel Pins," 
0RNL-4835 (1973). 
"TAFY, Fuel Pin Temperatures and Gas Pressure Analysis," BAW-311 
(1966). 
Marlowe, M. 0.: "Predicting In-Reactor Densification Behavior of 
U02," Trans. Am. Nucl. Soc., 17, 166 (1973). 
Rubenstein, L. S., and D. F. Ross: "impact of Fuel Densification 
on the U.S. LWR Industry," Trans. Am. Nucl. Soc. , 1£, 120 (1974). 
Nijsing, R.: "Temperature and Heat Flux Distribution in Nuclear 
Fuel Element Rods," Nuclear Engineering and Design, ̂ , 1-20 (1966). 
Brook, A. J.: "The Probl em of Eccentrically Mounted Fuel Pellets, 
Nuclear Engineering and Design, 4_, 429-431 (1966) . 
Grillo, P. and G. Testa: "Dependence of Heat Flux Distributions 
on Fissile Material Distribution in Fuel," Nuclear Applications, _5, 
130-139 (1968). 
Wolf, Lothar and Klaus Johannsen: "An Analysis of the Two-dimensional 
Temperature Distribution in Eccentrically Mounted Cylinders with 
Special Application to Sodium-bonded Reactor Fuel Elements," Fourth 
International Heat Transfer Conference Proceedings 1970, JL, Cu. 1.7 
(1970). 
Nijsing, R.: "Temperature and Heat Flux Distribution in Nuclear 
Fuel Element Rods," Nuclear Engineering and Design, 4_, 1-20 (1966). 
Ross, A. M. and R. L. Stoute: "Heat Transfer Coefficient Between 
Uranium Dioxide and Zircaloy 2," AECL-1552 (1962). 
105 
Tong, L. S. and J. Weisman: Thermal Analysis of PWR, Am. Nucl. 
Soc, Hinsdale, Illinois (1970). 
Dean, R. A.: "Thermal Contact Conductance," M.S. Thesis, University 
of Pittsburgh (1963). 
Wassiljewa, A.: Phys. Z. , _5, 737 (1904). 
Hirschfelder, Joseph 0., Charles F. Curtis, and R. Byron Bird: 
Molecular Theory of Gases and Liquids, John Wiley and Sons, New 
York, 534 (1954). 
Lindsay, Alexander L. and LeRoy A. Bromley: "Thermal Conductivity 
of Gas Mixtures," Industrial and Engineering Chemistry, 42, 1508-
1511 (1950). 
Srivastava, B. N. and S. C. Saxena: "Thermal Conductivity of Binary 
and Ternary Rare Gas Mixtures," Proc. Phys. Soc. B, 22> 369-378 
(1957). 
Srivastava, B. N. and S. C. Saxena: "Formulas for Thermal Conduc-
tivity of Ternary Gas Mixtures," J^ Chem. Phys., _27, 583-584 (1957). 
Von Ubisch, H., S. Hall, and R. Srivastav: "Thermal Conductivities 
of Mixtures of Fission Product Gases with Helium and Argon," Pro-
ceedings of the Second United Nations International Conference on 
the Peaceful Uses ojf Atomic Energy, _7> 698-700 (1958) . 
Zysin, Yu A., A. A. Ibov, and L. I. Sel'chenkov: Fission Product 
Yields and their Mass Distributions, Consultant's Bureau Enterprises, 
Inc., New York (1964). 
El-Wakil, M. M.: Nuclear Heat Transport, International Textbook 
Company, Scranton, Pennsylvania (1971). 
Nijsing, R.: "Temperature and Heat Flux Distribution in Nuclear 
Fuel Element Rods," Nuclear Engineering and Design, 4̂ , 1-20 (1966). 
Carslaw, H. S. and J. C. Jaeger: Conduction of Heat in Solids, 
Clarendon Press, Oxford, 339 (1947). 
Fagan, J. R. and J. 0. Mingle: "The Effect of Axial Heat Conduction 
in Fuel Plates in Maximum Heat Flow Rates and Temperatures," Nuc-
lear Science and Engineering, 18, 443-447 (1964). 
Thorpe, J. F.: "Axial Heat Conduction in Reactor Fuel Elements," 
Nuclear Science and Engineering, 23, 329 (1965). 
Ozisik, M. Necati: Boundary Value Problems of Heat Conduction, 
International Textbook Company, Scranton, Pennsylvania, 181 (1968). 
